ABSTRACT: Control of molecular self-assembly at solid− liquid interfaces is challenging due to the complex interplay between molecule−molecule, molecule−surface, molecule− solvent, surface−solvent, and solvent−solvent interactions. Here, we use in-situ dynamic atomic force microscopy to study the self-assembly of Benzopurpurine 4B into oblong islands with a highly ordered inner structure yet incommensurate with the underlying calcite (10.4) surface. Molecular dynamics and free energy calculations provide insights by showing that Benzopurpurine 4B molecules do not anchor to the surface directly but instead assemble on top of the second hydration layer. This seemingly peculiar behavior was then rationalized by considering that hydrophobic molecules placed atop the second water layer cause the least distortion to the existing hydration structure. Further experiments for the adsorption of Benzopurpurine 4B on other minerals indicate that the specific interfacial water structure on calcite is decisive for rationalizing the self-assembly of Benzopurpurine 4B in this system.
■ INTRODUCTION
Self-assembly is a powerful tool for creating functional molecular structures at surfaces. 1, 2 Thus far, however, most reported examples are limited to systems kept in ultrahigh vacuum (UHV) 3−8 or at ambient conditions. 9, 10 At solid− liquid interfaces, despite being of tremendous importance both in nature and in technology, 11−14 only limited progress has been made in terms of rationally controlling molecular selfassembly by an informed choice of suitable molecules and/or solvent. 15−19 The formation of well-ordered structures on solid surfaces is steered by the subtle balance of molecule−surface and molecule−molecule interactions. 20 At solid−liquid interfaces, the complexity of the situation is increased because additional molecule−solvent, surface−solvent, and solvent− solvent interactions play a decisive role in determining the adsorption configuration. This complexity severely hampers the rational control of self-assembly at the mineral−water interface. For example, for many molecules studied at the mineral−water interface, it even remains impossible to predict whether or not an ordered structure will form.
In-situ dynamic atomic force microscopy (AFM) has been shown to provide atomic and molecular resolution information for mineral surfaces, 21 ,22 molecular 23−28 and hydration structures, 29−35 as well as the possibility of chemical identification at the solid−liquid interface. 36 Nevertheless, a comprehensive molecular understanding of adsorption and selfassembly processes is still missing, and computer modeling has been often used to further our knowledge.
For calcite, the most stable polymorph of calcium carbonate (CaCO 3 ) at ambient conditions and its natural cleavage plane (10.4) (Figure 1a ) extensive simulation studies have helped yield a molecular-scale picture of the interfacial structure, which agrees remarkably well with experiment. 37−40 Computational work has also been used to understand the interaction of organic molecules with calcium carbonate. Benzopurpurine 4B (BPP, Figure 1b ) is a commonly used textile dye 41, 42 and structurally closely related to Congo Red, which has previously been studied with in-situ dynamic AFM on the calcite (10.4) cleavage plane. 27 Congo Red has been shown to drastically restructure the calcite (10.4) surface, indicative of a strong molecule−surface interaction perhaps mediated through the negatively charged sulfonate (SO 3 − ) groups. Therefore, a strong molecule−calcite interaction might be expected for BPP as well. In the present study, we use a combination of in-situ AFM and computer simulation to examine whether this is indeed the case.
■ MATERIALS AND METHODS
Solution Preparation. Benzopurpurine 4B (BPP) was purchased from TCI Deutschland GmbH as a disodium salt and used without further purification. Pure water (18.2 MΩ· cm) was produced using a purification setup from Merck Millipore. Sodium hydroxide (NaOH, 0.1 and 1 M) and hydrochloric acid (HCl, 0.1 and 1 M) standard solutions were used to adjust the pH of the solutions and purchased from Carl Roth GmbH & Co. KG. All pH measurements were conducted using a Schott laboratory pH meter (CG 842) equipped with a BlueLine pH electrode (Schott Instruments, 18 pH). The pH electrode was calibrated weekly, utilizing buffer standard solutions with pH values of 4 and 7 (HANNA instruments, types Hi6004 and Hi6007).
In-Situ Dynamic Atomic Force Microscopy Imaging. Calcite crystals were purchased from Korth Kristalle GmbH, freshly cleaved, and cleaned with a nitrogen flow prior to each experiment. All images shown here were taken at a constant temperature of 28°C using a modified commercial atomic force microscope (AFM) from Bruker Corp. (MultiMode V with Nanoscope V controller) operated in the frequency modulation (FM) mode. The FM-AFM setup has been optimized for highresolution imaging in a liquid environment. 43, 44 All in-situ FM-AFM experiments were conducted with a liquid cell from Bruker Nano Surfaces Division. We used gold-coated and pdoped silicon cantilevers (PPP-NCHAuD, Nanosensors and Tap300GD-G, BudgetSensors) with a typical eigenfrequency of 100−150 kHz in liquids and a spring constant of ∼40 N/m. The oscillation amplitude of the cantilever was kept constant at 1 nm for all measurements. In all AFM images shown here, the slow and fast scan direction and the measured channel are displayed in the schematics in the upper right corner.
Measurement Conditions. With respect to calcium carbonate solubility, all in-situ AFM measurements were conducted in an undersaturated solution, only consisting of pure water, solute BPP, and, depending on the starting conditions, hydrochloric acid or sodium hydroxide. An immersed calcite crystal in an undersaturated solution dissolves at all times, independent of the pH, until dynamic carbonate equilibrium is reached. Calcite dissolution releases calcium (Ca 2+ ) and carbonate (CO 3 2− ) ions into the surrounding solution, the latter causing the pH to converge to a value of around 8.3, 45 which corresponds to the carbonate equilibrium. Because the pH is not measurable during the in-situ AFM experiment, we note that stated pH values correspond to the initial pH of the solution, which was adjusted and measured prior to injection in the liquid cell. As the liquid cell used is open to air, evaporation undoubtedly takes places at all times during the in-situ AFM experiment, slowly increasing the concentration of all components in the solution. Therefore, the indicated BPP concentrations also refer to the initial concentrations as prepared.
Molecular Dynamics Simulation. Molecular dynamics (MD) simulations of BPP in water with and without a calcite slab were performed using the LAMMPS code 46 augmented with the PLUMED2.2 plugin 47 for calculation of the pairing and adsorption free energies. All simulations were performed at constant volume (NVT) after an initial equilibration of the cell volume at 1 atm. The equations of motions were integrated using the velocity-Verlet algorithm with a 1 fs time step, and the temperature was kept at 300 K with a chain of 5 Nose−Hoover thermostats and a relaxation time of 0.1 ps. The GAFF1.7 force field 48 was used to describe the BPP−BPP, BPP−water, and BPP−calcite/gypsum interactions as well as the intramolecular component for BPP; the calcite and sodium/calcite−water interactions come from previous works, 39,49−51 while the gypsum water interactions were taken from our recent work. 52 It is important to note here that the calcite−water and gypsum−water interactions used in this work have been carefully parametrized and tested against thermodynamic experimental data that include the hydration free energy of the ions, the solubility of calcite, the Ca−CO 3 ion pair association constant, as well as the water structure above the calcite surface that compares well with X-ray reflectivity data. Moreover, the SPC/Fw water model 53 used in this work gives an accurate representation of the liquid phase over a wide range of temperatures. Properties, such as the water solvation free energy, dielectric constant, and structure, are found to be in good agreement with experiment for this water model. 49 On the other hand, the interactions involving BPP are much harder to benchmark due to the lack of experimental data to compare against; quantities such as the solvation free energy of BPP or the BPP−calcium pairing free energy are indeed unknown. Due to the complexity of the molecule, it is currently too expensive to run ab initio calculations in bulk water for a sufficiently long time to obtain benchmark data against which to calibrate the force field. Although the precise quantitative values of the association and adsorption free energies obtained from the simulations need to be treated with appropriate caution, we believe the simulations can qualitatively reproduce and explain the experimental observations. The free energy calculations were performed using the multiple walkers well-tempered metadynamics technique, 54−56 and a bias factor of 12 was chosen to ensure convergence of the calculations. The initial Gaussian height was set to k B T and their width to 0.2 Å. The pairing free energy between two BPP molecules was calculated by inserting two dye molecules and 4 Na + ions in a ∼100 Å box of water with 3D periodic boundary conditions (PBC). Because of the size of BPP the pairing mechanism could be quite complex and the reaction coordinate is not immediately evident, as for two monatomic or small ions. We therefore repeated the calculations using two different collective variables (CV): the mean distance between all atoms The Journal of Physical Chemistry C Article in the two BPP molecules and the distance between their centers of mass, as implemented in PLUMED2.2. The adsorption free energies of BPP on the calcite (10.4) and gypsum (020) surfaces were computed using a 3D periodic cell containing a 12 and 8 layer thick slab, respectively. A 6 × 10 (10 × 10) surface supercell of calcite (gypsum) was created and separated from its periodic image by a space of approximately 40 Å (60 Å), which was then filled with water at the density of the bulk liquid. One BPP molecule and two Na + counterions were also inserted in the box. As the CV, we used the z component of the distance between the center of mass of BPP and a Ca 2+ ion in the middle of the mineral slab. In the case of calcite, we also considered the adsorption of a second BPP molecule on the mineral surface to form an adsorbed dimer, which could be regarded as the first nucleus of a BPP island. Because of the many different available pathways for this process this is a very computationally challenging task and some simplifications of the problem are necessary. In order to estimate the adsorption free energy, we restrained one BPP to stay in the adsorbed state by using a harmonic potential acting on the z component of the distance between the BPP center of mass and one calcium atom deep in the calcite slab. In order to minimize the effect of the restraint we used a spring constant of 0.4 eV/Å 2 , which follows the adsorption free energy profile for one molecule. As a collective variable for the metadynamics calculations we decided to use the z component of the distance between the centers of mass of the two BPP molecules, and to limit the configurational space to be explored we placed harmonic "walls" at 20 Å. The bias factor was also reduced to 8 to accelerate the convergence.
Unbiased MD simulations of a stack of 8 BPP molecules on the (10.4) surface of calcite have been performed in the NVT ensemble to assess the stability of the stack and assess whether the oscillations in the in-situ AFM measurements are compatible with this structure. The stack has been built by replicating one of the configurations of the dimers 4 times along an axis normal to the BPP aromatic system. After the stack has been inserted above the calcite surface the pressure was equilibrated by varying the z axis in a 5 ns NPT run and the system was then further run for 15 ns in the NVT ensemble.
■ RESULTS AND DISCUSSION
Here, in-situ dynamic AFM shows the formation of oblong islands ( Figure 2 ) that exhibit a rather uniform width distribution between 40 and 70 nm. Increasing the concentration allows for control of the number of molecules at the interface. While only a few monolayer islands are observed at a low concentration of 3.0 μM (Figure 2a) , multilayer islands are seen at a concentration of 8.3 μM (Figure 2d) Figure 2e , illustrating that a broad angle distribution can be found with no clear tendency for a certain island orientation.
At low concentration, the profile line measured across one 70 nm wide BPP island (Figure 3a) shows an apparent height of 2.2 nm (Figure 3b ), while at high concentrations the formation of multilayer islands with heights of up to 10 nm were observed. It should be stressed that AFMsimilar to other scanning probe microscopy techniquesdoes not provide true topography information. Therefore, while lateral periodicities can be provided with high accuracy, vertical heights have to be considered with care, which is why we refer to an apparent height. A high-resolution image of one of the BPP islands reveals ordered molecular stripes within the island (Figure 3c ) with a stripe-to-stripe distance of approximately 3.5 nm ( Figure  3d ). Additionally, a periodicity within one stripe of approximately 0.8 nm could also be measured (Figure 3e) .
In order to rationalize the experimental observations we used computer simulations to estimate the strength of BPP−BPP interactions, as well as the adsorption free energy of BPP on the calcite (10.4) surface. It is well known that organic dyes in aqueous solution tend to form stacks at high concentration, 42,57−60 and BPP has been reported to form aggregates as long as several micrometers. 42 As per our previous work on the Sunset Yellow dye, 61 we calculated the free energy to separate two BPP molecules in water using metadynamics simulations. 54 The computed binding free energy is −31.5 or −35.5 kJ/mol ( Figure S1 ), depending on the choice of collective variable, which is similar to the value for Sunset Yellow (−28 kJ/mol 61 ) The Journal of Physical Chemistry C Article and an experimental estimate (∼−26 kJ/mol 42 ). For both BPP and Sunset Yellow, force field simulations predict a binding between the dyes that is up to 10 kJ/mol stronger than the experimental estimates. Although there might be some fundamental differences between the calculated free energy and the experimental estimates, this discrepancy is most likely to be due to a systematic error in the force field hydration free energies. Analogously to Sunset Yellow, the molecules in a BPP dimer prefer a parallel arrangement ( Figure S2 ) that maximizes π−π stacking and minimizes the amount of "surface" exposed to water. Due to this large exothermic binding free energy, the formation of aggregates (stacks) in solution is thermodynamically favorable, despite the negative charge on the molecules, and is responsible for the formation of liquid crystals at high concentrations. 42,57−60 However, the BPP concentrations used in the present work (1.7−110 μM) are much lower than those required to form liquid crystals and simple models 61, 62 that predict the average number of molecules in aggregates indicate that BPP is largely isolated in solution. It is therefore safe to assume that the adsorption of BPP on calcite is likely to proceed one molecule at a time, rather than via preassembled stacks.
Our calculations of the adsorption of BPP on the basal plane of calcite predict the adsorption free energy is approximately −33.5 kJ/mol (Figure 4 ) and shows that the most stable adsorbed state has the BPP lying flat relative to the surface ( Figure 5 ), while the shallow minimum at 15 Å above the surface corresponds to configurations where BPP is perpendicular to the surface plane ( Figure S3 ). Figure 4 is shown with calcium, carbon, oxygen, sulfur, nitrogen, and hydrogen colored green, light blue, red, yellow, dark blue, and white, respectively. Water molecules of the first calcite hydration layer are shown in yellow, those in the second hydration layer are shown in orange, and those in subsequent weaker layers and bulk water are shown as transparent gray molecules. Positions of the atoms of the mineral were averaged over 5 ps to reduce noise, while positions of the water and BPP atoms are from one single frame.
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The somewhat surprising finding is that in both adsorbed states BPP is never in contact with the calcite surface, but instead lays on top of the second ordered water layer ( Figure  5 ). The above observation can be rationalized by considering that BPP has large hydrophobic sections and therefore tries to minimize its interaction with bulk water (Figure S4 ), an effect that, together with π−π interaction, is also responsible for the formation of long stacks of organic dyes in aqueous solution. When BPP approaches the calcite surface there are already two well-organized water layers in which the water molecules are strongly coordinated to the calcium ions (first layer) or hydrogen bonded to carbonate (second layer). 37, 39, 63 The orientation of the water molecules above the calcite surface is therefore strongly dictated by the presence of the mineral, and the hydrogen bonds of these two layers with bulk water are weakened. Consequently, the adsorption of BPP on the second water layer has a smaller energy penalty than remaining in bulk water, where water molecules on both sides of BPP would incur a penalty for reorganizing their hydrogen-bonding network. Moreover, removing the strongly bound water molecules from the first two layers to allow for direct binding of BPP to the calcite surface is also highly unfavorable (Figure 4 ). By borrowing a terminology commonly used in organic chemistry we can say that the adsorption of BPP on calcite is driven by a "hydrophobic effect" rather thanas might be initially assumed−by electrostatic interactions with the mineral surface. Small regions of BPP, like the sulfonate (−SO 3 − ) groups, the amino (−NH 2 ) groups, or the diazo (NN) bridges, can still interact electrostatically with the ionic surface of calcite, but because of the relatively long range (>5 Å) and the screening from the water layers, the forces are generally weak. This is consistent with the experimental observation that there is no preferred orientation for the adsorbed BPP molecules on the surface.
The adsorption free energy for a second BPP molecule to form a dimer on the calcite surface was also estimated by metadynamics calculations and found to be on the order of −47.7 kJ/mol ( Figure S5 ). This is larger than the pairing free energy obtained in bulk water, but because of the complexity of the calculations, we do not necessarily regard this difference as being significant since there may be convergence issues or artifacts due to the restraint that holds one BPP over the surface. Nevertheless, this confirms that the formation of BPP dimers on the surface of calcite is thermodynamically favorable.
Two possible dimer arrangements can be envisioned, one with the dimers standing sideways on the surface and one with the dimers laying parallel to the surface (see Figure 6a) . Analysis of the atomic trajectories showed that one of the stable configurations for the adsorbed dimer has both molecules standing sideways on the surface, which was then used to build a small island and assess its stability on the calcite surface. The small BPP island remained stable for the whole simulation (∼20 ns), though after ∼10 ns the two end molecules on one side turned to form a dimer that is aligned almost parallel to the surface (Figure 6b ), i.e., the turned dimer represents the other dimer configuration shown in the schematic in Figure 6a .
It is worth noting that during the above simulations the BPP stack never came into direct contact with the calcite surface but remained doubly solvent separated, as in the case of the adsorption of a single molecule or the dimer, and that the island slowly rotated during the MD run. These findings provide evidence for the fact that there is only a weak direct interaction between the calcite surface and BPP that might lead to a preferred orientation. Regardless of the dimer orientation, the width of the simulated BPP stack (∼3 nm) indicates that the experimentally observed stripes are composed of such BPP stacks, which arrange with a stripe-to-stripe distance of ∼3.5 nm (Figure 3d) . The separation between the molecules stacked perpendicularly to the surface (0.3−0.5 nm) is consistent with the typical π−π stacking distance, which is one-half the periodicity observed experimentally (approximately 0.8 nm, Figure 3e ). This factor of 2 could be due to specific AFM imaging conditions. For example, even for bare calcite it is known that certain tips image two surface features as a single one (so-called row pairing). 64 Thus, it is possible that we image pairs of molecules aligned sideways. Another option is that the islands were instead formed by flat-laying BPP dimers aligned next to each other. Then the width of the dimers would be approximately 1 nm, which would then require the dimers to arrange in an overlapping manner to agree with the experimentally observed periodicity of 0.8 nm (Figure 3e ). Both arrangements shown in Figure 4a seem to be plausible, and it is difficult to obtain quantitative information regarding their relative stability. The height of a BPP dimer relative to the surface is very similar to that of a BPP molecule standing sideways on the surface (from the MD trajectories, the highest atoms sit between 1 and 2 nm above the surface, defined as the z position of the calcium ions), and therefore, the apparent The Journal of Physical Chemistry C Article height observed in the AFM measurements for both these structures would be very similar. Because the apparent height in the AFM images would also depend on the structure of the water layers above the island, it is difficult to definitively rule out one arrangement or the other. Moreover, if we consider that a macroscopic BPP island carries a significant negative charge, it is likely that Na + ions would be intercalated between the molecules and within the stripes, increasing both the intermolecular separation and the stack width measured from the MD simulations, an effect not considered in this work.
The above discussion highlights the impact of the interfacial hydration structure on the self-assembly of BPP on calcite (10.4) . To further verify this interpretation we performed in-situ AFM measurements on three further substrates, namely, muscovite mica (0001), gypsum (CaSO 4 ·2H 2 O) (020), and calcium fluoride (CaF 2 ) (111) surfaces. As can be seen in Figure S6 , for none of these surfaces could we observe any adsorption of molecular islands when using a BPP concentration of 18−83 μM at a pH of 3.5. These results strengthen our hypothesis that the observed adsorption of BPP on calcite is strongly related to the presence of the first two well-ordered water layers on this mineral's surface (Figures 4 and 5 ). In particular, we argue that the key features that favor the adsorption of hydrophobic species on the hydrated calcite surface are the presence of strong hydrogen bonds between the water molecules in the second water layer and the mineral surface.
In the case of mica there is no clear separation between the second and the third water layer, 65, 66 and the presence of cations in the Stern layer, which are necessary for the local charge neutrality of the system, is probably responsible for the disruption of the hydrogen-bond network and of any lateral ordering of the hydration water. In the case of CaF 2 , computer simulations of the water structure above the (111) surface 67 show that there are three well-defined water layers above the surface. Similar to calcite, the water molecules in the first hydration layer are strongly localized above the calcium ions and lay mostly flat above the surface. However, because fluoride (F − ) is not a good hydrogen-bond acceptor, the water molecules in the second hydration layer are oriented differently to those on calcite and form hydrogen bonds with the molecules in the third hydration layer. 67 This observation is consistent with the third water layer being further away from the mineral surface for CaF 2 than for calcite.
More interesting is the case of gypsum where the sulfate groups at the surface could form hydrogen bonds with water, and it was, therefore, expected to behave similarly to calcite. The 1D water density profiles above the two mineral surfaces is, however, markedly different ( Figure S7) , and in agreement with the experimental results, metadynamics simulations predict that BPP should not adsorb on the (020) gypsum surface ( Figure  S8 ). Although three water layers can be clearly identified also above the (020) gypsum surface, these layers are significantly closer to the mineral surface (defined as the position of the topmost calcium layer) compared to calcite, and the second and third layers almost overlap. By analyzing the position and orientation of the water molecules above the gypsum (020) surface ( Figures S7 and S9 ) it is evident that the first hydration layer could be considered as a continuation of the mineral lattice and that, similarly to calcite, the molecules in the second layer form strong hydrogen bonds with the sulfate ions at the surface. However, a detailed analysis of the geometry of the hydrogen bonds between the water and the mineral surfaces as a function of the distance from the surface reveals some interesting differences between the two minerals ( Figure S10) . A typical hydrogen bond in bulk water is characterized by an oxygen−oxygen distance of approximately 2.7 Å and an O−H− O bond of approximately 165°( Figure S11 ), and any deviations from this typical configuration would result in a weaker hydrogen bond. It is, therefore, immediately evident that the strongest hydrogen bonds between water and the mineral surface are formed by the molecules in the second hydration layer above the calcite (10.4) surface and those in the first hydration layer above the gypsum (020) surface, while there are virtually no hydrogen bonds between calcite and its first hydration layer and between gypsum and its second hydration layer. The third hydration layer also forms very weak hydrogen bonds with both minerals due to its larger distance from the surfaces. This observation supports our hypothesis that the second water layer above calcite has a strong lateral ordering due to the interaction with the mineral, and it is, therefore, an optimal place for BPP due to the lower entropic cost associated with locating a hydrophobic adsorbent on top of the second layer rather than in the bulk solution. On the other hand, the second hydration layer above the gypsum (020) surface forms very weak hydrogen bonds with the mineral; hence, it has a smaller lateral ordering, and it can be viewed as more "bulk-like". Therefore, there is no entropic gain for BPP to leave the bulk solution and adsorb on gypsum. From this comparison we can conclude that the specific hydration layer structure is critical for the adsorption of organic molecules at the interface. Interestingly, even seemingly similar surfaces such as calcite (10.4) and gypsum (020) can greatly vary in their interaction with hydrophobic molecules due to details of their hydration structure.
■ CONCLUSIONS
Using in-situ high-resolution dynamic AFM and MD calculations we studied the adsorption of BPP at the calcite (10.4)− water interface. BPP forms well-ordered molecular islands that appear not to be commensurate with respect to the underlying substrate lattice. The islands exhibit a characteristic inner structure with lateral periodicities of about 3.5 and 0.8 nm. From MD simulations and free energy calculations we find that BPP does not bind to the calcite (10.4) surface directly but instead adopts a position above the second hydration layer. This unexpected adsorption position can be understood by the fact that the water structure is least disturbed by the molecule when positioned in the most hydrophobic region, which is atop the second hydration layer. This finding rationalizes why the experimentally observed islands are not commensurate with the underlying calcite lattice, which in turn supports the finding of the simulations. We corroborate this finding by comparing the results obtained on calcite (10.4) with other mineral surfaces that exhibit different interfacial hydration structures and show that the formation of the island-like structures of BPP seems to be highly selective for the calcite (10.4) surface, despite the lack of direct interaction, because of the unique structure of its mineral−water interface. 
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